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effects solely to the irradiated area.
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Technological resources for sustained local control
of molecular effects within organs, cells, or subcellu-
lar regions are currently unavailable, even though
such technologies would be pivotal for unveiling
the molecular actions underlying collective mecha-
nisms of neuronal networks, signaling systems, com-
plex machineries, and organism development. We
present a novel optopharmacological technology
named molecular tattooing, which combines photo-
affinity labeling with two-photon microscopy. Molec-
ular tattooing covalently attaches a photoreactive
bioactive compound to its target by two-photon irra-
diation without any systemic effects outside the
targeted area, thereby achieving subfemtoliter,
long-term confinement of target-specific effects
in vivo. As we demonstrated in melanoma cells and
zebrafish embryos, molecular tattooing is suitable
for dissecting collective activities by the separation
of autonomous and non-autonomous molecular pro-
cesses in vivo ranging from subcellular to organism
level. Since a series of drugs are available for molec-
ular tattoo, the technology can be implemented by a
wide range of fields in the life sciences.
INTRODUCTION
The simultaneous temporal and spatial confinement of drug
effects within a well-defined area of a living organism has been
a long-standing aim in biology. The precise timing of compound
release by uncaging was one of the first milestones toward this
aim. The uncaging technique proved to be extremely successful
for observing fast biological processes by their rapid manipula-
tion in time (Kaplan and Somlyo, 1989; McCray et al., 1980;
McCray and Trentham, 1989) and it is still a useful and popular
in vitro method for rapid enzyme kinetic studies (Artamonov
et al., 2013). The method enables us to manipulate the active
concentrations of small molecules, peptides, or nucleic acids548 Chemistry & Biology 22, 548–558, April 23, 2015 ª2015 Elsevier(Mayer and Heckel, 2006; Nguyen et al., 2006), track dynamic
processes in vivo, or enhance imaging by applying photo-caged
fluorescent compounds (Guo et al., 2008). In the process of un-
caging, a protecting group is photolyzed by a UV flash and the
bioactive compound is released. To enable better spatial resolu-
tion, the UV flash lamps and lasers used for uncaging were com-
bined with confocal microscopy (Augustine, 1994; Parker and
Ivorra, 1993). However, the in vivo application of uncaging is
seriously limited by the systemic effects and side effects of the
application of high concentrations of the caged compounds
([EC50), the limited penetration depth of UV light into different
tissues, and the accompanying high phototoxicity along the
entire optical axis (Denk et al., 1994). In the 90s, two-photon mi-
croscopy (2PM) was invented and soon it also became a suit-
able tool for the photolysis of caged compounds with several
advantages over confocal microscopy: (1) infrared wavelengths
(700–1000 nm with Ti:Sa lasers) are less phototoxic, (2) they
penetrate deeper into tissues, (3) even subfemtoliter spatial res-
olution of the photoreaction can be achieved, and (4) the small
focal volume further decreases photodamage to the samples
(Denk et al., 1994, 1990; Williams et al., 1994). However, the sys-
temic and side effects due to the high concentration of caged
compound remained a serious limitation of the uncaging tech-
nique (Maier et al., 2005; Matsuzaki et al., 2010). Furthermore,
uncaging triggers a localized, but very short, transient effect of
the bioactive compound due to the millisecond timescale diffu-
sion of the uncaged compounds from the targeted area. There-
fore, in vivo uncaging has become a useful but restricted
approach in optopharmacology (Kramer et al., 2013), applied
mainly in neuroscience, where such short perturbations of the
concentration of bioactive compounds are physiologically
relevant.
While uncaging introduces the ligand to the active site of the
protein only temporarily, photoaffinity labeling (PAL), developed
in the late 1960s, permanently attaches ligands to their targets
(Fleet et al., 1969; Singh et al., 1962). In PAL, photoreactive
derivatives of bioactive compounds are covalently photo-cross-
linked to their targets by UV light. The permanent complex for-
mation by PAL combined with radioactive or fluorescent labeling
has been widely implemented to identify targets and charac-
terize binding sites of bioactive compounds both in vitro and
in vivo (Geurink et al., 2012; Vodovozova, 2007). Since saturationLtd All rights reserved
Figure 1. Molecular Tattoo: Spatiotemporal
Targeting in Live Cells
The letters MT were engraved into a live single
HeLa cell in the presence of 1 mMABleb (<EC50) by
2PM (lex = 800 nm) (schematic representation of
the process in the left panel). 2PM image of the
subcellular molecular tattoo generated is pre-
sented in the right panel. The tattooed ABleb-
myosin 2 covalent complex is fluorescent (green),
while the actin network is labeled with Actin Glow
dye (orange). Nuclei were visualized by Hoechst
staining (blue).of the target requires relatively high concentrations (>EC50) of the
photoreactive compound, the application of ligands with low sol-
ubility was limited in PAL. To overcome this limitation, sequential
PAL (sequential covalent crosslinking) has been introduced
recently, whereby multiple photo-crosslinking cycles at low con-
centrations of the photoreactive ligand enable covalent satura-
tion of target enzymes (Kepiro et al., 2012). We have realized
that the combination of sequential PAL with the instrumentation
of 2PM-based uncaging offers an unprecedented opportunity for
in vivo spatiotemporal confinement of drug effects. A prerequi-
site for this combination is to confirm that UV-induced PAL
crosslinking reactions can also be initiated by 2P excitation.
Recently, 3D fluorescence images were generated by 2P irradi-
ation in polyethylene glycol and gelatin matrices containing aryl-
azide compounds, however, no direct evidence was presented
for the 2P-induced photo-crosslinking reaction (Li et al., 2013;
Stoianov and Robinson, 2012). In the current study, we provide
direct evidence of a 2P-initiated photo-crosslinking reaction.
Moreover, we also show that specific crosslinking can be formed
between a photoreactive azidated ligand and its target enzyme
by 2P photoinduction.
On the basis of these findings, we introduce molecular tattoo-
ing, a new in vivo field of optopharmacology, which enables sub-
femtoliter, long-term confinement of drug effects by the covalent
attachment of azidated ligands to their targets by 2P irradiation
(Figure 1). The deep penetration and non-toxic property of 2P
irradiation will allow researchers to modulate specific ligand
effects in time and space in a wide variety of animal models.
Molecular tattooing is not accompanied by side effects or sys-
temic effects of the drug outside the targeted area, because,
like sequential PAL, it applies low concentrations of the photo-
reactive ligand (EC50). At these low concentrations, multiple
2P laser scanning of the targeted area results in covalent satura-
tion of the target enzyme by its ligand only within the opticallyChemistry & Biology 22, 548–558, April 23, 2015exposed confinement. The process pro-
vides permanent, irreversible inhibition
or activation of the target exclusively in
the irradiated area.
In this study, we characterize the 2P-
initiated crosslinking reactions and the
resolution of the spatial control of the re-
action in the 2PM. The in vivo crosslinking
reaction is optimized by varying the con-
centrations of the applied ligand and the
laser scanning parameters. We demon-strate the potential of molecular tattooing by in vivo targeting
of myosin 2 in the developing lateral line organ of zebrafish em-
bryos with a photoreactive myosin 2-specific inhibitor, azido-
blebbistatin (ABleb). In addition, the precise spatial confinement
of myosin 2 inhibition by molecular tattooing is also demon-
strated by subcellular targeting of myosin 2 in blebbing human
melanoma cells (M2). These experiments illustrate that molecu-
lar tattooing is an empowering, novel, in vivo technique for inves-
tigating the role of single cells in collective cellular processes and
for unveiling local, specific molecular processes within the cell at
subfemtoliter resolution.
RESULTS
Characterization of the 2P-Induced Photoreaction of
Azidated Compounds
We tested the efficiency of 2P photoactivation of aromatic azi-
dated compounds on azidofluorescein (AFluo) (Salic and Mitch-
ison, 2008) and the photoreactive myosin 2 inhibitor, ABleb
(Kepiro et al., 2012). The molecules were dissolved in DMSO,
loaded into glass capillaries, and irradiated in the 2PM at
800 nm. The efficiency of the photoreaction at different laser
powers was quantified by liquid chromatography-mass spec-
trometry (LC-MS) (Figure 2A). We found that photoactivations
of the compoundswere proportional to the square of the focused
laser power, indicating the 2P effect (Zipfel et al., 2003). More-
over, defocusing the laser beam completely abolished photoac-
tivation, which further confirmed the 2P-induced photoreaction
by the focused laser beam. Since ABleb is a push-and-pull fluo-
rophore (i.e. the quenched fluorescence of blebbistatin due to
azido substitution is restored by photo-crosslinking), its fluores-
cence increases 8.5-fold upon covalent binding to proteins
(Figures 2B and 2C). This feature of ABleb and other azidated
push-and-pull fluorophores provides a unique tool to determineª2015 Elsevier Ltd All rights reserved 549
Figure 2. 2P-Induced Photoreaction of ABleb and AFluo and Non-specific and Specific Photo-crosslinking of ABleb
(A) Photoreaction efficiency of ABleb and AFluo determined by LC-MS following 800 nm 2P irradiation as a function of laser power using either focused (black
squares) or off-focused (control, red square) laser beams. Inset: ABleb solution in a glass capillary used for 2P irradiation. Data are means ± SD (n = 3). Scale bar
represents 500 mm.
(B) A schematic diagram of fluorescence enhancement represented by the transparent green area upon 2P-initiated covalent target-binding of ABleb.
(C) Fluorescence emission spectra of ABleb prior to and following irradiation. The green area indicates the detection range of the green channel of the 2PM.
(D) Confined photo-crosslinking of ABleb to gelatin by line scanning with 2PM. Projections of maximum fluorescence intensity2 of z-stack images (upper panels)
and 3D-rendered surface representations of the V2PR (lower panels) were recorded with three different objective lenses. Double arrows indicate the focal plane
(xy) and z axis dimensions of the V2PR (FWHM values of the Gaussian fits to the fluorescence intensity
2 profiles) (Zipfel et al., 2003). Scale bar represents 5 mm.
(E and F) Gaussian fits to the x axis (E) and z axis (F) fluorescence intensity2 profiles of the z-stack images in (D).
(G) MS spectra of myosin 2motor domain without irradiation (Control) or irradiated in the presence of ABleb at 300 nm (UV), 800 nm (2P), and 800 nm by off-focus
2PM (Off-focus). 88.91 and 88.92 kDa correspond to non-irradiated and irradiated myosin 2 motor domains, respectively, while 89.23 kDa is the mass of the
ABleb-crosslinked myosin (88.92 + 0.305 kDa). Accuracy of MS measurement is ±5 Da.the effective two-photon reaction volume (V2PR) of the 2PM.
Using the line-scan function of the 2PM, ‘‘M’’ letter shapes
were tattooed at 800 nm into gelatin matrices containing ABleb,
using different objectives to compare their resolutions in the mo-
lecular tattoos (Figure 2D). After irradiation, the targeted areas
were imaged by z sectioning and the x, y, and z dimensions of
the V2PR were determined from the fluorescence intensity
2 pro-
files of the tattooed lines (Figures 2E and 2F). Laser power for im-
aging was one magnitude lower compared with the tattooing
laser intensity, therefore significant photoreaction did not occur
during image laser scanning. In the case of the 1.35NA objective,
we achieved 0.38 mm and 2.5 mm full-width at half maximum
(FWHM) resolutions in the xy, and z dimensions, respectively,
representing 0.21 fl tattooed volume (V2PR) (Table 1).550 Chemistry & Biology 22, 548–558, April 23, 2015 ª2015 ElsevierTo confirm and prove directly that a PAL crosslinking reaction
can be induced by 2PM, purified myosin 2 motor domain was
illuminated with UV light and 2P in the presence of ABleb. By us-
ing LC-MS, we detected covalent bond formation between
myosin (88.92 kDa) and ABleb (305 Da) both by UV and 2P irra-
diation (89.23 kDa on Figure 2G). The control experiment further
confirmed the 2P effect, i.e. the off-focus 2P irradiation of the
ABleb-treated myosin sample did not induce PAL, because
even though the total number of photons reaching the sample
was obviously not affected, photon density did not reach the crit-
ical value required for 2P reactions. The 10-Da difference in the
MS spectra between the control and the irradiated uncrosslinked
myosin population is possibly due to a non-specific photo-
induced modification of the myosin molecule.Ltd All rights reserved
Table 1. Physical Parameters of the Effective Two-Photon
Reaction Volumes (V2PR)
Objective uxy (mm) uz (mm)
FWHMxy axis
(mm)
FWHMz axis
(mm) V2PR (mm
3)
103/1.35 NA 0.67 4.56 0.92 6.81 11.4
403/0.8 NA 0.25 1.51 0.47 2.87 0.52
603/0.4 NA 0.18 1.14 0.38 2.47 0.21
Gaussian fits to the focal plane (xy) and z axis fluorescence intensity2 pro-
files of the z-stack images (Figures 2E and 2F) yielded the lateral (uxy) and
axial (uz) 1/e radii and FWHM values. V2PR was calculated on the basis of
V2PR = p
3/2u2xy uz (Equation 2 from Zipfel et al., 2003).Molecular Tattooing In Vivo: Spatiotemporal Inhibition of
Myosin 2 in the Developing Lateral Line Organ of
Zebrafish Embryos
The potential of molecular tattooing in live animal experiments
was tested on the migrating posterior lateral line primordia
(pLLp) of live zebrafish embryos, which deposit neuromasts at
regular intervals along two sides of the body (Figure 3A). Its
relative simplicity, well-defined migratory behavior, and good
accessibility make the zebrafish pLLp a primemodel for studying
intra-organ patterning and collective cell migration (Friedl and
Gilmour, 2009; Ma and Raible, 2009). Recent studies showed
that inhibition of non-muscle myosin 2 by systemic blebbistatin
treatment causes aberrant lateral line formation (Ernst et al.,
2012). Our aim was to test whether local myosin 2 inhibition of
the pLLp affects organ development.
In molecular tattooing in vivo, the threshold concentration at
which the pharmacological effects of the photoreactive drug
are not yet exerted in the dark (<EC50) has to be determined.
Accordingly, in order to determine the dose-response curve,
we treated cldnb:gfp (Haas and Gilmour, 2006) zebrafish em-
bryos with increasing concentrations of ABleb in the dark and
the migration of the pLLp from behind the ear to the tip of the
tail was followed (Figure 3B). In the systemic treatment above
the EC50, further phenotypic effects were detected, i.e. heart
edema, curved body shape, decreased migration of melano-
cytes, which may also be related to myosin 2 inhibition, since
their dependence on ABleb concentration was similar to that of
pLLp migration inhibition. The relative migration distances of
the pLLps were determined by comparison with the distance be-
tween the ear and the tip of the tail and plotted as a function of
increasing ABleb concentration (Figure 3C). The fitted dose-
response curve to data for ABleb-treated embryos yielded an
EC50 value of 3.8 ± 0.9 mM, which is similar to that of animals
treated with non-photoreactive para-nitroblebbistatin (NBleb)
(Ke´piro´ et al., 2014) (2.6 ± 0.2 mM). NBleb, which has a highly
similar chemical character to ABleb but is not photoreactive,
was used as a control for ABleb. Importantly, NBleb has identical
inhibitory properties and biological effects as ABleb or blebbista-
tin, but lacks the photo- and cytotoxic effects of blebbistatin (Ke´-
piro´ et al., 2014; Kolega, 2004). On the basis of the dependence
of ABleb concentration on pLLp migration, we applied 1 mM
ABleb for tattooing of the pLLp. The fluorescence increase re-
sulting from ABleb-myosin 2 covalent complex formation could
be detected even next to the GFP signal of the pLLp. During
2P irradiation, rapid GFP photobleaching was followed by a
fluorescence increase due to the photoreaction of ABleb. InChemistry & Biology 22,the control, only GFP photobleaching was detected upon 2P
irradiation in the presence of the non-photoreactive NBleb (Fig-
ure 3D). In order to see the phenotypic effect of local inhibition of
myosin 2 in the pLLp, we tattooed ABleb into one of the pLLps of
a 36-hpf (hours post fertilization) embryo and followed lateral line
formation for 12 hr (Figure 3E; Movie S1). In the control experi-
ment, in the presence of 1 mM non-photoreactive NBleb, the
pLLp was 2P irradiated under the same conditions as in the tat-
tooing experiment and no effect was observed compared with
the lateral line development of the untreated zebrafish. The
ABleb-tattooed pLLp moved more slowly and stopped earlier
than the non-tattooed pLLp located on the other side of the
fish. Furthermore, we found that the number of neuromasts
deposited was not affected by local myosin 2 inhibition, there-
fore distances between the neuromasts were shorter compared
with the non-inhibited pLLp. Interestingly, the neuromast pairs
on the tattooed and non-tattooed sides were deposited at
approximately the same time, suggesting that the temporal syn-
chronization of neuromast formation is independent of myosin 2.
Importantly, systemic treatment with a high concentration of the
non-photoreactive NBleb (10 mM) resulted in a phenotype similar
to that of the tattooed pLLp (Figure 3E). These results indicate
that myosin 2 has an autonomous role in lateral line develop-
ment, since myosin 2 activity is needed solely in the migrating
pLLp. In addition, neuromast formation and deposition could
be decoupled by local myosin 2 inhibition leading to a further,
more general conclusion that these processes are independent
from the spatial cues around pLLp, because the number and
the morphology of deposited neuromasts were independent of
their location in the embryo. Molecular tattooing of the devel-
oping lateral line organ clearly demonstrates that this technology
enables us to decouple specific, local processes of a complex
organ formation and distinguish autonomous and non-autono-
mous activities of a specific enzyme; this could not be achieved
by other methods.
Cellular and Subcellular Tattooing of Blebbing Human
Melanoma Cells
To explore the potential of molecular tattooing within single cells
and subcellular regions, we studied the function of non-muscle
myosin 2 in the mechanism of blebbing of the human melanoma
M2 cell line (Salic and Mitchison, 2008; Stoianov and Robinson,
2012). The activity of non-muscle myosin 2 is essential for bleb-
bing (Charras et al., 2005; Cheung et al., 2002; Straight et al.,
2003), which is a common feature during apoptosis, cytokinesis,
or cell spreading (Charras and Paluch, 2008; Fackler and
Grosse, 2008).
In the course of molecular tattooing, M2 cells were first equil-
ibrated with ABleb at a concentration of 1 mM, which does not
suppress blebbing even on a long timescale (Figure 4A).
Following 2P irradiation, bleb formation of the tattooed cell was
abolished, while the surrounding, non-irradiated cells kept bleb-
bing continuously (Figure 4B; Movies S2 and S3). During irradia-
tion in the presence of 1 mMABleb, the fluorescence of the cell
increased due to the photoreaction of ABleb (Figure 4C), while
tattooing in the presence of 1 mM NBleb did not result in an in-
crease in fluorescence. We followed the blebbing activity of cells
indicated by blebbing indices (Charras et al., 2005) after tattooing
with ABleb and found a similar effect to that of treatment with a548–558, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 551
Figure 3. Molecular Tattooing Unveils the Autonomous Function of Non-muscleMyosin 2 in theMigration of pLLp of Live Zebrafish Embryos
(A) Schematic drawings of zebrafish embryos displaying the spatial formation of the lateral line.
(B) Fluorescence images of 48 hpf zebrafish embryos incubated in the absence and presence of ABleb in dark for 24 hr.White arrowheadsmark the position of the
halted pLLps.
(C) Relative distance of pLLpmigration in the presence of ABleb or NBleb (1 = distance from the otic vesicle to the tip of the tail). Dose-response curves were fitted
to means ± SD (n = 4).
(D) Relative fluorescence change of pLLps in live cldn:gfp zebrafish embryo during 2P irradiation in the presence of ABleb or NBleb.
(E) Projected confocal z-stack images of zebrafish embryos with 2P-irradiated pLLps on one side (indicated by red arrows) in the presence of 1 mM ABleb, 1 mM
NBleb, and non-irradiated embryo in the presence of 10 mM NBleb. White (non-irradiated) and red (irradiated) arrowheads mark sites of neuromast deposition.
See also Movie S1. Scale bar represents 200 mm.high concentration (10 mM) of ABleb without irradiation (Fig-
ure 4D). Tattooing in the presence of the inactive blebbistatin
enantiomer ((+)-blebbistatin) (Straight et al., 2003) substituted
by an azido group at the same position as ABleb, named
(+)-ABleb, had no effect on the blebbing activities of M2 cells.
This photoreactive but non-inhibitory derivative of blebbistatin
serves as a control for the selectivity of molecular tattooing
in vivo. In addition, low ligand concentrations are also in favor
of the target-specific photoreaction induced by 2P irradiation.
In order to demonstrate subcellular tattooing of live cells, we
irradiated one half of an M2 cell equilibrated with 1 mM ABleb.
In the tattooed hemisphere, the increased fluorescence indi-
cated ABleb-myosin 2 covalent complex formation. We followed
the diffusion or the migration of ABleb-myosin 2 complexes for
20 min (Figure 4E). The insignificant shape change of the tat-
tooed, brightly fluorescent area indicated that any diffusion or
migration of myosin 2-ABleb complexes was slow. A similarly
slow movement of blebbistatin-inhibited non-muscle myosin 2
was found in bovine aortic endothelial cells while active non-
muscle myosin 2 spread relatively fast in the cell, which was
also confirmed by independent fluorescent recovery after photo-
bleaching (FRAP) experiments (Allingham et al., 2005; Brecken-
ridge et al., 2009). The blebbing index of the tattooed hemisphere
dropped by 75%, and, interestingly, the blebbing index
decreased slightly (30%) in the non-tattooed hemisphere as
well (Figure 4F, left panel, and Movies S4 and S5). The asym-
metric blebbing of the hemi-tattooed cell indicates an uneven
distribution of the active and inhibited myosin 2 molecules,552 Chemistry & Biology 22, 548–558, April 23, 2015 ª2015 Elsevierpossibly due to the very different diffusion coefficients of the
two molecular populations. One of the limitations of subcellular
molecular tattooing may be the possible fast diffusion of in-
hibited and/or active enzyme populations in other systems. On
the other hand, bleb size decreased similarly on both the irradi-
ated and non-irradiated sides of the cell (Figure 4F, right panel).
The decrease in bleb size refers to an overall drop in the hydro-
static pressure within the cell, equilibrating on the second time-
scale (Charras et al., 2005), due to a significant amount of
inhibited myosin 2 molecules. This pressure drop causes the
decrease of the blebbing index on the non-irradiated side as
well. The subcellular ABleb tattoo experiment demonstrates
that specific targets can be inhibited in the local regions of the
cell, revealing both local and global effects within themechanism
of blebbing.
DISCUSSION
The overall goal of targeted drug delivery is to achieve a
sustained, target-specific, and localized effect of bioactive com-
pounds. Based on the exploration of a 2P-induced photo-cross-
linking reaction, we have developed an optopharmacological
tool, molecular tattooing, which meets these three requirements
simultaneously. After characterizing and optimizing the technical
parameters of molecular tattooing, we demonstrated the poten-
tial of the technique by tattooing ABleb into specific regions
of whole live animals and subcellular locations of blebbing M2
cells. Molecular tattooing enables us to understand how spatialLtd All rights reserved
Figure 4. Cellular and Subcellular Targeting of Myosin 2 in Live M2 Cells Reveal Mechanistic Details of Myosin 2 Function in Blebbing
(A) M2 cells were incubated at different concentrations of ABleb for 60 min in the dark and their blebbing indices were determined at the indicated times.
(B) 2PM bright-field images of blebbing M2 cells in the presence of 1 mM ABleb before (pre-tattooing) and after (post-tattooing) 2P irradiating one of them
(indicated by red square). See also Movies S2 and S3. Scale bar represents 10 mm.
(C) Relative fluorescence of M2 cells during 2P irradiation cycles in the presence of 1 mM ABleb or NBleb.
(D) Normalized blebbing indices of M2 cells in the presence of 1 mM ABleb or 1 mM (+)-ABleb following 2P irradiation and 10 mM ABleb without irradiation.
(E) Fluorescence (lower panels) and bright-field (upper panels) images of an M2 cell before (pre-tattooing) and after 2P irradiation (post-tattooing) half of the cell
(red square) in the presence of 1 mM ABleb. The diffusion of ABleb-myosin 2 covalent complexes was followed for 20 min.
(F) Normalized blebbing indices (left panel) and bleb size (right panel) of irradiated and non-irradiated sides of hemi-tattooed M2 cells pre- and 20 min post-
tattooing. Data represent means ± SD (n = 4). See also Movies S4 and S5. Scale bar represents 10 mm.confinement affects the functions of an enzymatic action
revealing experimentally features of biological mechanisms
that are currently inaccessible.
A few technical approaches are available for localized target-
ing (Table 2). An intriguing approach for subcellular targeting is
extracellular local perfusion of adherent cells when the bioactive
compound is pipetted into a continuous laminar fluid flow, bath-
ing part of the cell with the drug. Subcellular perfusion can also
be achieved by microfluidic devices, which create microenviron-
ments by fluidically isolating subcellular compartments of
cultured cells. This isolation enables localized treatment with
any bioactive compound. With the help of this technique, re-
searchers were able to selectively and locally label targets with
fluorescent ligands (O’Connell et al., 2001), track synapse-to-
nucleus signaling of neurons (Taylor et al., 2010), or investigate
the effect of local manipulation on global cellular processes
(e.g. cytokinesis, blebbing) (Charras et al., 2005). Advantages
of the method include that any bioactive compound can be
applied as no chemical modification is involved; furthermore,
temporal control (on the seconds or minutes scale) and revers-
ible treatment are both achievable.
However, due to diffusion and potential compartmentalization
processes within the cell, the local concentrations and the intra-
cellular areas affected are indefinite. Other technical approachesChemistry & Biology 22,for subcellular targeting use photoactivatable ligands and light
for the localization and timing of treatment, and form two sepa-
rate branches of optopharmacology, depending on the type of
photoreaction. The type of photoactive moiety attached to the
bioactive compound is either a protecting group of caged com-
pounds that can be photolyzed or an azobenzene moiety of
photochromic ligands or photoswitches that undergoes a
reversible cis-trans photoisomerization. Uncaging is undoubt-
edly advantageous for rapid, extremely precise, subfemtoliter
activation of bioactive compounds (Matsuzaki et al., 2008; Mat-
tison et al., 2014; Tonnesen et al., 2014), whereas photoswitch is
a promising technique for the rapid, reversible perturbation of
biological processes (Mourot et al., 2013). Both techniques
involve chemical modification of the ligands, thereby limiting
the arsenal of available compounds (Broichhagen et al., 2014).
Another drawback of caged molecules and photoswitches is
that their systemic administration at the required relatively high
ligand concentrations may result in unwanted systemic effects
that undermine the specificity of their targeting. In addition, in
both methods, the targeted area is transient and indefinite due
to rapid diffusion of the active compound.
Molecular tattooing presented in this study overcomes the lim-
itations of local perfusion and almost all the drawbacks of other
optopharmacological techniques (Table 2) but retaining the need548–558, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 553
Table 2. Technical Approaches for Subcellular Drug Targeting
Targeting Techniques Subcellular Local Perfusion Uncaging Photoswitch Molecular Tattoo
Effect local effect systemic or transiently local transiently local permanent local
Administration of the
compound
local systemic systemic systemic
active ligand >EC50 caged ligand [EC50 switchable ligand >EC50 photoreactive ligand EC50
Modes of targeting direction of flow UV, 2P UV (VIS) 2P
Strength unmodified ligand
reversible
rapid switch-on
subfemtoliter targeted area
rapid, reversible switch
on/off
subfemtoliter targeted area
permanent effect
no systemic drug effects
Weakness low resolution
indefinite effect localization
in vitro
relatively slow temporal
control (seconds scale)
low uncaging yield
systemic side effects
transient effect due to
diffusion
ligand modification
systemic side effect
transient effect due to
diffusion
phototoxicity
ligand modification
relatively slow temporal control
(seconds scale)
irreversible
ligand modificationfor chemical modification of the ligands. In molecular tattooing,
we can target with subfemtoliter resolution resulting in perma-
nent effect confinement of the bioactive compounds. Temporal
control of the effect is determined by the turnover of the target
protein, while in the case of subcellular targeting, the localization
also depends on diffusion of the covalent ligand-target complex.
Systemic effects outside the targeted area and side effects of the
compound are negligible because the covalent ligand-target
complex is enriched at low concentrations of the photoreactive
compound (EC50) by sequential 2P laser scanning similar to
sequential PAL. This advantage is especially well demonstrated
by the highly confined effects of ABleb during molecular tattoo-
ing of zebrafish embryos at low compound concentrations
compared with the severe systemic effects (curved body shape,
cardiac edema, eventually lethality) of the inhibitor at high con-
centrations (Figure 3B). Molecular tattoos comprise irreversible
drug-target complexes and this irreversibility might be a limita-
tion in some applications. Temporal control of the switch-on of
the drug effect depends on the size of the targeted area, the
speed of laser scanning, and the binding kinetics of the drug.
Recent advances in 2P microscopy instrumentation, especially
in acousto-optic 3D scanning methods, have enabled rapid,
practically simultaneous molecular tattooing of multiple target
areas (Fernandez-Alfonso et al., 2014; Go et al., 2013; Katona
et al., 2012).
The availability of photoreactive ligands is key for propagation
of molecular tattooing in the life sciences. Several azidated
bioactive compounds are commercially available and have
been synthesized (Table 3) (Sumranjit andChung, 2013; Vodovo-
zova, 2007). The chemical synthesis of azidated aromatic mole-
cules can be efficiently performed by a halogen azide exchange
reaction of aryl-halide precursors. Fortunately, halo derivatives
of bioactive compounds are commonly available because in
the case of many pharmaceutical agents, the synthetic route of
their halo (iodo) derivative has been explored due to the need
for radiolabeling for receptor binding assays, absorption, distri-
bution, metabolism, and excretion studies, or single photon
emission computed tomography imaging. Importantly, struc-
ture-activity relationship (SAR) studies for these halo derivative
drugs have also been performed in order to evaluate the effect
of substitution on the bioactivity of the compound. Furthermore,
in the drug discovery pipeline, SAR studies generate a great554 Chemistry & Biology 22, 548–558, April 23, 2015 ª2015 Elseviernumber of halo-substituted derivatives of leading compounds
providing valuable synthetic routes and SAR data about the
modifiable positions; if halo substitution has no significant effect
on the binding properties of the compound, it is a very good indi-
cation that azido substitution will not either.
Although azido substitution is the smallest possible modifica-
tion to obtain a photoreactive compound, benzophenone and
diazirine derivativesmay provide further opportunities for molec-
ular tattooing (Table 3). These compounds have become widely
used in PAL, however, their low absorption coefficient may limit
their in vivo application in molecular tattooing. The conditions for
molecular tattooing must be optimized between the efficiency of
the photoreaction and laser phototoxicity. The former has a
quadratic dependency on the laser intensity and the com-
pound’s absorption coefficient at the 2P irradiation wavelength
applied, while phototoxicity has a weaker dependency on laser
intensity. Thus, choosing the optimal intensity and wavelength
is crucial in the process of optimization. The Ti:Sa laser source
applied in 2PM is tunable between 690 and 1,040 nm, which is
suitable for photoreactive ligands that have significant absorp-
tion above 350 nm. Examples of such molecules from different
branches of biological research are the myosin 2 inhibitor, ABleb
(Kepiro et al., 2012) ( 3400 = 4,500 M
1 cm1), the AMPA and
kainate receptor antagonist ANQX (Adesnik et al., 2005) ( 3380 =
8,860 M1 cm1), the Wnt agonist azidoazakenpaullone ( 3350 =
19,200 M1 cm1) or the antipsychotic compound azidocloza-
pine ( 3350 = 1,700 M
1 cm1). For ligands possessing absorption
at lower wavelengths, recent technology provides wavelength
modulation of the Ti:Sa laser by the application of frequency
doubling combined with commercially available optical para-
metric oscillator.
Molecular tattooing provides extremely precise and prolonged
target modulation, a feature that opens new research opportu-
nities in several areas of the life sciences. Molecular tattoo can
be an advantageous resource in biophysics, enabling re-
searchers to explore different forces and dynamics within the
cell by spatiotemporal inhibition of the actomyosin machinery.
A molecular tattoo could also be used as a reverse FRAP; a
confined group of targeted enzyme molecules is tattooed with
a fluorescent inhibitor, then the cellular diffusion coefficient of
the inhibitor-enzyme complex may be obtained from the decay
in local fluorescence intensity due to the diffusion of theLtd All rights reserved
Table 3. Examples for Bioactive Compounds Suitable for Molecular Tattooing
Azido and Benzophenone Substituted Compounds Mode of Action
Azidoblebbistatin (Kepiro et al., 2012) myosin 2 inhibitor
Azidoclozapine antipsychotic agent
Azidocelecoxib 1 and 2 cyclooxygenase inhibitors
Azidolidocaine Na-channel blocker
AzidoQX314 Na-channel blocker
Azidocarbamazepine Na-channel blocker
Azidoriluzole Na-channel blocker
Perphenazine-azidobenzoate antipsychotic agent
Azidosulpiride antipsychotic agent
Azidoazakenpaullone Wnt agonists
6-Azido-7-nitro-1,4-dihydroquinoxaline-2,3-dione (ANQX) (Cruz et al., 2008) antagonist of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor
Benzoyl-ATP (Bhargava et al., 2012) ATPases, P2X receptor agonist modulator
p-Benzoyl-L-phenylalanine (Kauer et al., 1986) part of small peptides acting as ligand
Benzoylcholine (Nirthanan et al., 2005) nicotinic acetylcholine receptor agonist
Ethidiumdiazide (Pratt et al., 2000) nicotinic acetylcholine receptor antagonist
Ro 15-4513 (Duncalfe and Dunn, 1996) g-aminobutyric acid A (GABAA) receptor partial
inverse agonist
Benzophenone substituted diketo acid derivatives (Zhang et al., 2004) HIV-1 integrase inhibitor
Azido derivatives of 3-(2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MIPP)
(Robinson et al., 2012)
methuosis inducer
Azido-nitrobenzoyl derivatives of testosterone (Mappus et al., 2000) androgen receptor agonist
Azidoauxin (Zettl et al., 1994) glutathione S-transferase binding
Haloperidol-azidobenzoate (Kanety and Fuchs, 1988) antipsychotic agent
Azidofluorescein (Salic and Mitchison, 2008) fluorophore
Azidocoumarin (Stoianov and Robinson, 2012) push-and-pull fluorophoremolecules within the living cell. Furthermore, with the advent of
in vivo superresolutionmicroscopies (Gao et al., 2012), individual
molecules of the optopharmacologically labeled enzymes may
be followed. Comparing the results of molecular tattooing with
FRAP, activity-mobility relationships of enzymes and mecha-
nistic details of their action can be explored. By tattooing half
of an M2 cell with ABleb, we were able to show that the inhibited
myosin 2 molecules cannot diffuse freely, which indicates that
dispersion of myosin 2 within the cell is an active process. In
developmental biology, autonomous and non-autonomous
functions of cells or organs can be separated, whichwas hitherto
only possible by transplantation experiments (Li et al., 2011;
White et al., 2008). Accordingly, local inhibition of the activity
of myosin 2 in themigrating pLLp bymolecular tattooing demon-
strated that myosin activity in this developmental process is
autonomous. Further developmental mechanisms can be un-
veiled by spatiotemporal inhibition or activation of signaling
pathways. By molecular tattooing, scientists will be able to
map the subcellular anatomy of signaling networks providing
new levels of understanding not only in developmental biology
but also in cell biology, immunology, and genetics. As the reso-
lution of a molecular tattoo is subfemtoliter, prolonged modula-
tion of neurons or even single synapses is feasible, enabling
new methodological approaches in neurophysiology. Since
long-term activation or inhibition of single synapses can be
achieved by molecular tattooing, fundamental biological ques-Chemistry & Biology 22,tions may become experimentally accessible, i.e. what is the
function of single synapses in multi-synaptic connections or
how are the long-term potentiation of neuronal networks and
synaptic plasticity related to memory formation, learning, or
drug addiction.
SIGNIFICANCE
With themolecular tattooing technique, target-specific drug
effects can be confined in vivo into even a subfemtoliter vol-
ume without any systemic effects and side effects outside
the targeted area. We demonstrated the potential of molec-
ular tattooing as a novel optopharmacological tool with local
inhibition of myosin 2 by 2P-irradiation of ABleb into the
developing lateral line of live zebrafish and into subcellular
regions of blebbing human melanoma cells. We revealed
thatmyosin 2 has an autonomous role in lateral line develop-
ment of zebrafish and demonstrated local and global effects
of local myosin 2 inhibition in the blebbing of melanoma
cells. Importantly, a series of photoreactive bioactive li-
gands are already available for a wide variety of targets
and further photoreactive compounds can be synthesized
easily from existing drug derivatives. Thereby, local target-
ing with molecular tattooing will reveal hidden molecular
mechanistic details in various research fields by dissecting
specific interactions of complex collective processes such548–558, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 555
as organ development or activity of a multi-synaptic
neuronal network, or by locally modulating processes in
cell movement, blebbing, cytokinesis, or signaling.
EXPERIMENTAL PROCEDURES
Reagents
ABleb (Kepiro et al., 2012), NBleb (Ke´piro´ et al., 2014), (+)-ABleb, and AFluo
(Salic and Mitchison, 2008) were synthesized in our laboratory according to
published protocols. Stock solutions of the inhibitors were dissolved in
DMSO (Sigma-Aldrich), protected from light, and stored at 20C.
Fluorescence Spectroscopic Measurements
A 5-mMABleb solutionwas prepared in 0.8MTris-HCl (pH 9). The high concen-
tration of Tris-HCl ensured that photoactivated ABleb attached mainly to
primary amine (nucleophile). Fluorescence emission spectra (lex = 400) were
recorded prior to and following irradiation of ABleb at lirrad = 400 ± 18 nm
for 10 min using an Edinburgh Instruments F900 Fluorescence Spectrometer
equipped with a 450-W xenon lamp. The intensity of excitation during the
emission spectral scan was low enough that no significant photoreaction of
ABleb occurred. The applied lex and lirrad correspond to half of the wavelength
used in 2PM.
Two-Photon Microscope
2PM of the samples was carried out in a Femtonics 2P microscope equipped
with a mode-locked MaiTai Deep See Laser source (Spectra-Physics) with
100-fs pulse width and 80-MHz repetition rate. Image acquisition was per-
formed using MES software (Femtonics).
Photoactivation of ABleb and AFluo in the Function of 2P Laser
Power
10 mMABleb or AFluo in DMSOwas loaded into glass capillaries (0.2 mm inner
diameter) and the sample was raster scanned (xy scanned) (lex = 800 nm) for
2 min with the 2PM at different laser powers using a 103/0.4 objective
(Olympus UPLSAPO). During the scan, the step size and the dwell time were
3 mm and 2.72 ms, respectively. Following irradiation, the content of the capil-
lary was transferred into high-performance liquid chromatography buffer
(water/acetonitrile 1:1, supplemented with 0.1% trifluoroacetic acid), and the
sample was subjected to LC-MS analysis using a C18 column and isocratic
elution (water/acetonitrile 1:1, 0.1% trifluoroacetic acid). The resulted data
points presented in Figure 1A were fitted with y = y0 + Aexp(–(kI)
2/2) where y
is the conversion of the photoreaction, A is the amplitude, k is the rate con-
stant, and I is the power of the laser.
Measuring the Lateral (xy) and z Dimensions of V2PR
Assay buffer (40 mM NaCl, 4 mM MgCl2, 20 mM HEPES [pH 7.3]) was supple-
mentedwith 0.16gml–1 typeBgelatin (Sigma-Aldrich) and themixturewas heat-
ed for 20 min at 40C. ABleb in DMSO was added to the warm gelatin at a final
concentration of 50 mM and the mixture was pipetted into an imaging dish (Mo-
BiTec, Imaging dish 1.5). After cooling, 300 ml of 50mMABleb in assay buffer was
pipetted on to the gel surface to circumvent drying. Three letters ‘‘M’’ were
engraved (by line scanning, i.e. one-dimensional scanning) in the gel with 2PM
irradiation (lex = 800 nm), each using different objective lenses: 103/0.4 NA
UPLSAPO (Olympus), 403/0.8 NA LUMPLFLN W (Olympus), and 603/1.35 NA
UPLSAPO O (Olympus). The irradiation settings were as follows: dwell time =
21.76 ms, step size = 0.05 mm, scanning time = 50 s. Laser power was 20%,
25% and 40% for the 103, 403, and 603 objectives, respectively (100% laser
power = 904 mW). The line-scanned areas were imaged by z sectioning (2-, 1-,
and 1-mm z-steps with the 103, 403, and 603 objectives, respectively). Image
analysis was performed using ImageJ software (public domain).
In Vitro Covalent Crosslinking of the Myosin Motor Domain and
ABleb
34 mM isolated myosin Dictyostelium motor domain (Kepiro et al., 2012) was
treated with 50 mM ABleb. 1 ml of the sample was UV irradiated with a transil-
luminator table (Benchtop 3UV Transilluminator, 8W) for 30 s at 0C. 1 ml of the
samples was 2P irradiated at 800 nm with a focused or unfocused laser beam556 Chemistry & Biology 22, 548–558, April 23, 2015 ª2015 Elsevierusing a 103/0.4 objective, 80% laser power with 3-mm step size, and 2.72-ms
dwell time for 15 min at 0C. The crosslinked samples were analyzed by
LC-MS.
Fish Husbandry and Treatment of Embryos
Transgenic Tg(8.0cldnb:lynEGFP)zf106 (cldn:gfp) fish stocks (Haas and Gil-
mour, 2006) were maintained in the animal facility of Eo¨tvo¨s Lora´nd University
according tostandardprotocols (Westerfield, 2000). For tattooing experiments,
embryos 1 day post fertilization were dechorionated and incubated in the dark
for 10 min in standard E3 embryo medium containing ABleb, NBleb, or DMSO
as a control. Subsequently, they were transferred to preheated (40C) 1% low-
melting-point agarose (Sigma-Aldrich) and placed in imaging dishes (MoBiTec,
Imaging dish 1.5). After cooling, the embedded embryos were incubated in E3
medium containing DMSO or the inhibitors for 10 min. The concentration of
DMSO in the E3 buffer was 0.1% throughout the experiments. In the case of
systemic treatment (with 10 mM NBleb), the embryos were imaged with
confocal microscopy (z stack every 10 min for 12 hr, lex = 488 nm, Plan-Apo-
chromat 103/0.45 NA M27, Zeiss Zen driver, and image analysis software).
2P Irradiation of Zebrafish Embryos
2P irradiation of molecular tattooing was performed by raster scanning of the
pLLp at lex = 800 nm for 8 min using a 103/0.4 NA UPLSAPO objective
(Olympus). The parameters for the raster scan were as follows: dwell time =
21.76 ms, step size = 0.1 mm, laser power = 3%. The duration of one scan
was 3 s. Following irradiation, the embryos were imaged with confocal micro-
scopy as described above. Movies of the migrating pLLp are at 10 frames per
second (fps). All protocols used in this study were approved by the Hungarian
National Food Chain Safety Office (permit number XIV-I-001/515-4/2012).
Maintenance of M2 Cell Culture
M2 human melanoma cells (Salic and Mitchison, 2008) were grown in MEM
(Lonza) supplemented with 8% newborn calf serum (Sigma) and 2% fetal
calf serum. The cell culture was maintained in a humidified atmosphere of
5% CO2 at 37
C. Cells were grown as monolayers in T 75-cm2 culture flasks
and subcultured by the addition of 0.02% EDTA (200 mg l–1) 2–3 times per
week upon reaching 90% confluence.
2P Irradiation of M2 Cells
Experiments were performed 18 hr after plating onto imaging dishes
(MoBiTec, Imaging dish 1.0), when nearly 90% of the cells displayed extensive
blebbing (Cunningham, 1995). Prior to 2P irradiation, cells were incubated for
20min in PBS (140mMNaCl, 2.7mMKCl, 10.1mMNa2HPO4, 1.8mMKH2PO4
[pH 7.9]) containing 1 mM ABleb or (+)-ABleb. The concentration of DMSO in
PBS was 0.1% throughout the experiments. Tattooing experiments were per-
formed using a 603/1.35 NAUPLSAPOO objective (Olympus) at lex = 900 nm.
The parameters of z-sectioning were the following: dwell time = 43.52 ms, step
size = 0.1 mm, laser power = 2.5%, z step = 2 mm, number of slices = 8. Images
were analyzed with ImageJ software. Blebbing indices are defined as the num-
ber of blebs observed during a given period of time within a given perimeter of
the cell (Charras et al., 2005).
SUPPLEMENTAL INFORMATION
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